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ABSTRACT
A theoretical analysis of the proposed insensitive high energy density material (IHEDM) 2-(nitroaminomethylene)-4,5-dinitrocyclopenta-3,5-diene-1,3-di-nitroamine (NDDN) is reported. A Density Functional Theory (DFT) study was performed in order to determine the optimized structure and stability, as well as thermochemical aspects of NDDN. All calculations were performed using the Gaussian03 software with the Gaussview graphical user interface. Normal modes of vibration and heat of detonation of the proposed insensitive energetic material are calculated; the oxygen balance and energy density of the proposed IHEDM are also determined. Calculations were also performed on FOX-7; 2,4-dinitroimidazole (2,4-DNI); RDX, 2-methyl-4,5-dinitro-1,2,3-triazole-2-oxide (MDNTO); and HIVIX to enable comparison of the chosen explosive performance parameters to NDDN.
SUBJECT TERMS
2-(nitroaminomethylene)-4,5-dinitrocyclopenta-3,5-diene-1 ,3-di-nitroamine (NDDN); 2,4-dinitroimidazole (2,4-DNI); 1,1 -diamino-2,2-dinitroethene (DADNE, i.e., FOX-7); RDX; HMX; MDNTO (2-methyl-4,5-dinitro-1,2,3-triazole-2-oxide); Density Functional Theory (DFT); B3LYP; Vibrational modes; Heat of detonation; Oxygen balance (OB); energy density (molecular); Composite volumetric-energy density (CVED). 
SUMMARY
The stability and thermochemistry of a proposed insensitive high energy density material (IHEDM) -2-(nitroaminomethylene)-4,5-dinitrocyclopenta-3,5-diene-1,3-di-nitroamine (NDDN) -is assessed using the Density Functional Theory (DFT) as implemented in Gaussian03. The optimized structure of the proposed energetic, NDDN, is illustrated in fig. 1a and b . The DFT results demonstrate that NDDN is indeed stable on the molecular potential energy surface with energy density and heat of detonation characteristics superior to FOX-7, RDX, and HMX. In particular, NDDN possesses a molecular energy density 47% greater than 2,4-dinitroimidazole (2,4-DNI) and 19% greater than RDX, and a heat of detonation 38% greater than HMX. Gas-phase thermochemistry results and volumetric energy density calculations indicate that this molecule is superior overall to HMX; FOX-7; RDX; 2-methyl-4,5-dinitro-1,2,3-triazole-2-oxide (MDNTO); and 2,4-DNI and may also possess significant potential for applications where explosive or propellant properties may be pursued and tuned in a single molecular configuration.
Top view of initial (unoptimized) NDDN structure 
INTRODUCTION
In organic chemistry, the structures of some rings of atoms are unexpectedly stable. Aromaticity is a chemical property in which a conjugated ring of unsaturated bonds, lone pairs, or empty orbitals exhibit stabilization stronger than would be expected by the stabilization of conjugation alone. It can also be considered a manifestation of cyclic delocalization and of resonance. Moreover, the presence of hydrogen bonding in molecules also signals greater stability than what would be expected. These characteristics ultimately equate to a general trend toward decreased impact and friction sensitivity when present in energetic materials.
The NDDN is expected to possess equivalent insensitivities due to availability of inter-and intramolecular hydrogen bonds and electron delocalization with enhanced volumetric power characteristics due to the additional molar volume of decomposition products.
METHODS, ASSUMPTIONS, AND PROCEDURES
Computational details: DFT was applied in this study as implemented in Gaussian03. For the Kohn-Sham Hamiltonian, a generalized gradient approximation is included in Becke's exchange correlation functional B3LYP. This three-parameter hybrid functional was paired with a valence doublezeta polarized basis set; i.e., 6-31g(d). This pairing represents a reasonable level of theory and basis set complexity that duplicates gas-phase heats of formation and heats of reaction for CNOH-containing molecules with good to excellent accuracy and precision.
For calculation of the oxygen balance (OB), the following approach was used: for an explosive that contains some or all of the following atoms: aluminum, boron, carbon, calcium, chlorine, fluorine, hydrogen, potassium, nitrogen, sodium, and oxygen (with the formula AL B b , C c , Ca ca , Cl d , F f , H h , K k , Na na , O 0 ), the oxygen balance (OB%) will be 32{0.75al + 0.75b + lc + 0.5ca -0.25cl -0.25f + 0.25h + 0.25k + On + 0.2na -0.5o}
• r-;-; r-r x 100 explosive molecular weight where the indices -al, b, c, ca, cl, f, h, k, n, na, and o -denote the number of atoms of each element in a mole of the explosive composition. The contribution of nitrogen to the oxygen balance is zero, since it does not bind to the other elements.
The heats of reaction (i.e., detonation -AH°d et ) for the respective molecules were determined as AH°f (products) -AH°f (reactants) using the thermochemical output from the Gaussian DFT calculations. The molecular energy density values were calculated from the heats of reaction results and the molecular masses: Energy Density (KJ/gram) (KJ/mole) (moles/gram).
The explosion of one mole of NDDN produces 12-molar volumes, as can be seen from the stochiometrically balanced equation shown in the next section. These molar volumes at 0°C and atmospheric pressure form an actual volume of (12 moles)(22.4 L/mole) = 268.8 L. Using Charles' law, this volume can be calculated for other temperatures; for example, at 15°C (288.15K), V 15°c (22.4 L/mole)(288.15/273.15) = 23.64 L/mole. Therefore, at 15°C, the volume of gas produced by the explosive decomposition of one mole of NDDN is: V 15°c = (23.64 L/mole)(12 moles) = 283.7 L. As a measure of performance, the composite volumetric energy density (CVED, KJ-L/gram) = (Energy Density)(Volume of gas produced) was introduced. The CVED results are tabulated in table 2.
RESULTS AND DISCUSSION
The results of the normal mode analysis ( fig. 2 ) for the proposed IHEDM structure yielded no imaginary frequencies for the 3N-6 vibrational degrees of freedom, where N is the number of atoms in the system. This indicates that the structure of the NDDN molecule corresponds to at least a local minimum on the potential energy surface. Figure 2 also includes the specific infrared and Raman frequencies for future reference should the synthesis and characterization of NDDN be pursued.
In order to estimate the amount of energy available for release upon detonation, we need to apply the Kistiakowsky-Wilson rules, which state that (for an explosive with an oxygen balance (OB) not below -40%):
1. Carbon atoms are converted to CO 2. Any remaining oxygen is used to convert hydrogen atoms to H 2 0 3. Any oxygen remaining after no. 2 is satisfied is used to convert CO to C0 2 4. All nitrogen atoms are converted to N 2 
) + %(C)
From this information and the DFT calculated heats of formation of the reactants and products, the heat of reaction (i.e., detonation) can be determined as follows: The heats of detonation for these molecules, as well as their products, are reported as the "sum of electronic and thermal energies" in atomic units (i.e., Hartrees) via the thermochemistry output calculated at the B3LYP/6-31g(d) level of theory (tables 1 and 2). Note that these calculations are based on rather idealized gas-phase enthalpies, and in reality, other factors such as phase transition from solid state to gaseous state, crystal and crystal packing density will be important. The point is that the AH°d et calculations are not necessarily to be taken in the absolute sense, but considered as a relative trend. In this way, more meaningful conclusions can be extracted from the data.
CONCLUSIONS
The Density Functional Theory results of this study indicate that the newly proposed high energy density material, 2-(nitroaminomethylene)-4,5-dinitrocyclopenta-3,5-diene-1,3-di-nitroamine (NDDN), has a molecular energy density nearly 43% greater than FOX-7 and 19% greater than either RDX or HMX. Further, the composite volumetric energy density of NDDN is approximately 194% greater than 2,4-dinitroimidazole, 186% greater than FOX-7, and 19% greater than HMX. The optimized structure is stable on the molecular potential energy surface, as evidenced by the absence of any imaginary frequencies.
